1,4-Dioxane is a cyclic ether mainly utilized in various chemical and pharmaceutical industries as solvent and reactant. Due to its toxic and persistent nature, 1,4-dioxane is a serious pollutant in the aquatic environment. Although 1,4-dioxane is quite recalcitrant to biodegradation, recent researches have shown 1,4-dioxane biodegradation as a sole carbon and energy source or by co-metabolism with tetrahydrofuran (THF). This study isolated and characterized THF-degrading bacteria to develop a biological process of 1,4-dioxane-containing wastewater treatment. Among five THF-degrading bacteria that were isolated, strain T1 from landfill soil and strains T3 and T5 from activated sludge showed stable co-metabolic degradation of 100 mg/L of 1,4-dioxane when coexisting with 100 mg/L of THF. Strains T1 and T5, identified as Rhodococcus ruber, were further characterized. Both strains could utilize a wide range of carbon sources, and grow at 15 -35°C and pH 6 -8. They demonstrated to have inducible THF degrading enzymes, and degraded up to 400 mg/L of THF as a growth substrate although they could not mineralize it. The optimum THF/1,4-dioxane ratios for the co-metabolic 1,4-dioxane degradation by strains T1 and T5 were determined to be 2 to 4. Our results would be useful for the development of biological 1,4-dioxane-containing wastewater treatment system.
INTRODUCTION
1,4-Dioxane is a cyclic ether mainly used as a solvent and a reactant in a variety of chemical and pharmaceutical industries. It is also formed as an undesired by-product in many industrial processes, especially in polyester synthesis. This xenobiotic is highly soluble and mobile in water, and a little volatilizable to the atmosphere and adsorptive to solid. In addition, since 1,4-dioxane does not have functional groups that are susceptible to hydrolysis (Wolfe and Jeffers, 2000) and does not absorb light in the environmental spectrum (> 290 nm), it is considered not to be hydrolyzed and photodegraded in the aquatic environment (Agency for Toxic Substances and Disease Registry (ATSDR), 2007). Thus, the fate of 1,4-dioxane depends basically on biodegradation in the aquatic environment. In fact, 1,4-dioxane has been widely detected in wastewater from industries (up to 4,020 g/L in Japan), surface water (up to 260 g/L in USA, 46 g/L in Japan and 10 g/L in the Netherlands), groundwater (up to 220 mg/L in USA) (ATSDR, 2007) and landfill leachate (up to 2,000 g/L in Japan) (Namegaya et al., 2002) . This means that 1,4-dioxane will persist for a long time once released into the environment, hence it is considered to be quite recalcitrant to biodegradation. Thus, the treatment in its source is essential to prevent 1,4-dioxane contamination in the natural environment. Advanced oxidation processes (AOPs) such as a combination of ozone and hydrogen peroxide offer effective treatment for 1,4-dioxane although less economical and uses more energy than conventional biological process. Recently, 1,4-dioxane biodegradation as a sole carbon and energy source or by co-metabolism with tetrahydrofuran (THF) has been reported in both pure and mixed cultures. THF-degrading bacteria capable of degrading 1,4-dioxane by co-metabolism, which have been isolated in several studies (Kohlweyer et al., 2000; Vainberg et al., 2006; Sun et al., 2011) , can be applied to the treatment of wastewater containing 1,4-dioxane by adding adequate concentration of THF as a primary substrate to the target wastewater. In this case, control of THF/1,4-dioxane concentration ratio is necessary to prevent from secondary pollution by THF. Another strategy is to induce THF degradation enzyme, which can also attack 1,4-dioxane, in the THF-degrading bacteria culturing tank, and to augment them into the treatment tank. In any of the cases, characterization, especially on THF/1,4-dioxane degradation properties, of THF-degrading bacteria which have 1,4-dioxane co-metabolic degradation ability is essential. However, there have been few studies on THF and co-metabolic 1,4-dioxane degradation properties of THF-degrading bacteria, including the THF/1,4-dioxane ratio that enhances the co-metabolic 1,4-dioxane degradation.
This study aims to accumulate the useful information for developing biological 1,4-dioxane treatment technologies using THF-degrading bacteria as an option. Five THF-degrading bacteria, which have co-metabolic 1,4-dioxane degrading ability, were isolated from landfill soil and activated sludge samples and characterized on their THF and 1,4-dioxane degrading characteristics in detail.
MATERIALS AND METHODS Enrichment and isolation of THF-degrading bacteria with 1,4-dioxane co-metabolic degradation ability
To isolate THF-degrading bacteria, enrichment cultures that could degrade THF were developed using landfill soil (kindly provided by the National Institute for Environmental Studies, Japan) and activated sludge samples (kindly provided by a municipal wastewater treatment plant in Osaka, Japan) as bacterial seeds. A 50 mg/L (for landfill soil) or 100 mg/L (for activated sludge) of THF was added to 100 mL of basal salt medium (BSM) (Parales et al., 1994) along with 100 mg/L of 1,4-dioxane for the enrichment. The flasks were incubated at 28°C in a rotary shaker at 120 rpm. After confirming the significant degradation of THF and 1,4-dioxane, the cultures were successively inoculated into fresh media with the same component at 10% (v/v). After several times of repeated enrichment, the cultures were spread on BSM agar plate supplemented with THF as a vapor. The obtained colonies were checked in terms of their THF degrading ability in liquid BSM containing 100 mg/L of THF, and purified on 10 times diluted (1/10) CGY medium (casitone 0.5 g/L, glycerin 0.5 g/L, yeast extract 0.1 g/L).
Physiological characterization and phylogenetic identification
Cell morphology and motility, gram staining and catalase, oxidase and OF tests were performed to characterize the isolates according to the diagnostic tables of bacteria proposed by Cowan and Steel (1974) . Carbon source utilization were examined with API 20E (Bio-Mérieux, Marcy I'Etoile, France) and Biolog GN2 plate (Biolog, Hayward, CA, USA). Gelatin hydrolysis, Voges-Proskauer reaction, nitrate reduction and indole production tests were performed using API 20NE (Bio-Mérieux). Utilization of cyclic and straight-chain ethers was examined with 7-day incubation of isolates in liquid BSM containing 200 mg/L of each compound. Phylogenetic analyses based on partial 16S rRNA gene sequences were performed as described previously (Inoue et al., 2008) . The partial 16S rRNA gene sequences (1,354 bp) of strains T1 and T5 were registered in DDBJ/EMBL/GenBank as accession numbers AB715146 and AB715147, respectively.
THF degradation studies with isolated bacteria
Isolated bacteria were precultured in liquid BSM containing 200 mg/L of THF. As a basal test condition, the precultured bacteria were inoculated into 15 mL of BSM containing 100 mg/L of THF at a final cell density (determined by optical density at 600 nm (OD 600 )) of 0.03 and aerobically incubated by rotary shaking at 120 rpm at 28°C. Control tests without inoculating isolated bacteria were also conducted to evaluate the evaporation of THF under the incubating conditions. Effects of THF concentration, pH and temperature on THF degradation were evaluated by calculating the specific growth rate of each bacterium that occurred with THF degradation by appropriately changing the experimental condition. Cell yield (mg-cell protein/mg-THF degraded) was calculated by determining the cell protein concentration using BCA TM Protein Assay Kit (Thermo Fisher Scientific, MA, USA).
Co-metabolic 1,4-dioxane degradation studies with isolated bacteria
Isolated bacteria were precultured as mentioned above. For 1,4-dioxane degradation tests, basal test condition shown above was applied with slight modification that THF and 1,4-dioxane were added to liquid BSM at 50 mg/L each, and precultured bacteria were inoculated at an OD 600 of 0.15. Control tests were also performed. To evaluate the effect of THF and 1,4-dioxane concentrations on 1,4-dioxane degradation, these concentrations were varied appropriately to give different THF/1,4-dioxane ratio.
Analytical procedures
THF and 1,4-dioxane concentrations were determined by gas chromatography (GC-14B, Shimadzu, Kyoto, Japan) equipped with a flame-ionization detector as described previously (Sei et al., 2010) . Total organic carbon (TOC) concentration was determined by a TOC analyzer (TOC-5000A, Shimadzu).
RESULTS AND DISCUSSION Confirmation of co-metabolic 1,4-dioxane degradation by isolated bacteria
Five THF-degrading bacteria were successfully isolated from landfill soil (strains T1, T2 and T4) and activated sludge samples (strains T3 and T5). Strains T1, T3 and T5 showed stable co-metabolic degradation of 100 mg/L of 1,4-dioxane when coexisting with 100 mg/L of THF, whereas strains T2 and T4 could not completely degrade 100 mg/L of 1,4-dioxane under the same condition, but rather weakened their 1,4-dioxane degradation ability during repeated batch degradation tests (Fig. 1 ). In Fig. 1 , two typical co-metabolic 1,4-dioxane degradation profiles are shown. The profile by strain T2 represents the incomplete and unstable co-metabolic 1,4-dioxane degradation, and the profile by strain T4 was almost the same (data not shown). Similarly, the profile by strain T5 represents the complete and stable co-metabolic 1,4-dioxane degradation, and the profiles by strains T1 and T3 were almost the same (data not shown).
Physiological characterization and phylogenetic identification of isolated bacteria
Further characterization was performed against strains T1 and T5 because they showed a high co-metabolic 1,4-dioxane degradation ability. Both strains were rod-shaped, non-motile, gram-and catalase-positive and oxidase-negative bacteria with aerial mycelium formation ability. They showed the highest 16S rRNA gene sequence identity (100% of 1,354 bp) with Rhodococcus ruber DSM43338 T (X80625) and R. ruber M2 (AY247275), and thus identified as R. ruber. R. ruber and its relatives have been reported to degrade ether compounds, like THF, 1,4-dioxane and methyl tert-butyl ether (Daye et al., 2003; Goodfellow et al., 2004; Mahendra and Alvarez-Cohen, 2006) . Both strains could utilize a wide range of carbon source, including sugars, organic acids, and amino acids (Table 1) . D-Glucose, D-fructose, D-sucrose and D-sorbitol are especially good substrates for their growth. Although strains T1 and T5 were also capable of utilizing cyclic ethers (e.g., THF, tetrahydropyran, γ-butyrolactone, γ-valerolactone, and 1,3-dioxolan-2-one), they could not utilize straight-chain ethers such as ethoxyacetic acid. 
THF degradation properties of strains T1 and T5
Typical time courses of THF degradation and TOC removal by strains T1 and T5 are shown in Figs. 2A and 2D , respectively. In control experiments without inoculating strains T1 and T5, TOC concentration declined only slightly and around 80% of initial TOC remained at the end of the experiments, indicating that the evaporation did not largely affect the evaluation of biodegradation abilities of test strains. Strains T1 and T5 completely degraded 50 mg/L of THF within 7 days. However, approximately 50% and 30% of initial TOC remained for a long period for strains T1 and T5, respectively. With the GC analysis applied in this study, no intermediate peaks were detected throughout the experimental period. In the proposed THF degradation pathway, non-volatile compounds such as succinic acid are produced during THF biodegradation (Thiemer et al., 2003) , and we confirmed that strains T1 and T5 could not utilize succinic acid. Thus, the remaining TOC would be due to the accumulation of such intermediates. Because a lag phase was observed before the initiation of THF degradation for both strains when precultured on glucose instead of THF (data not shown), the strains were suggested to have inducible THF degrading enzymes. Figure 3 shows the time courses of THF degradation and concomitant cell growth of strains T1 and T5 at various THF concentrations. Both strains were capable of degrading up to 400 mg/L of THF as a growth substrate, although strain T5 could not completely degrade 400 mg/L of THF. THF concentration of higher than 100 mg/L and 300 mg/L clearly inhibited the THF degradation ability and growth of strains T5 and T1, respectively, probably due to the toxicity of THF and/or intermediates.
Strains T1 and T5 were capable of growing on THF at pH 6 to 8 and at temperature of 15°C to 35°C. The optimum pH and temperature for their growth were 7.0 and 35°C, respectively. The cell yields of both strains on THF were 0.22 mg-protein/mg-THF. Such low cell yields would be due to the requirement of a large quantity of energy for the scission of ether bonds in THF (White et al., 1996) . In addition, the accumulation of some toxic intermediates may lower the cell yields of both strains.
Co-metabolic 1,4-dioxane degradation properties of strains T1 and T5
Typical degradation profiles of 1,4-dioxane with and without THF by strains T1 and T5 are shown in Fig. 2 (B, C, E and F) . In all control experiments without inoculation of strains T1 and T5, TOC declined only slightly within the experimental period. When 1,4-dioxane was added as the sole carbon source, both strains could not degrade it in the early stage of the experiments (Fig. 2B and 2E ). However, strain T1 showed slight degradation of 1,4-dioxane after 10 days and concomitant decrease of TOC concentration. One of the possible reasons for this is that 1,4-dioxane weakly induced THF degrading enzymes in the strain. Also, the occurrence of a mutant of strain T1 which obtained 1,4-dioxane metabolizing ability could not be ruled out as reported by Parales et al. (1994) . When both THF and 1,4-dioxane were added to the test systems, THF was degraded first within 7 days, which was followed by the degradation of 1,4-dioxane within 24 days ( Fig. 2C and 2F ). This is a typical profile of co-metabolic degradation with competitive inhibition. Zenker et al. (2000) reported the competitive inhibition of co-metabolic 1,4-dioxane degradation by THF. Even after both THF and 1,4-dioxane were completely degraded, 50 -75% of TOC remained in the test systems.
In the putative 1,4-dioxane degradation pathway (Vainberg et al., 2006) , 1,4-dioxane is transformed to 2-hydroxyethoxyacetic acid (2-HEAA), which is a straight-chain ether, via 1,4-dioxane-ol and 2-hydroxyethoxy-2-acetoaldehyde. As mentioned above, strains T1 and T5 cannot utilize straight-chain ethers. Thus, the remaining TOC may be attributable to the accumulation of non-volatile compounds (e.g., succinic acid) and 2-HEAA, which are the intermediates of the THF and 1,4-dioxane degradation, respectively. 
Effect of THF concentration and THF/1,4-dioxane ratio on the co-metabolic 1,4-dioxane degradation by strains T1 and T5
Co-metabolic 1,4-dioxane degradation by strains T1 and T5 was further examined under the conditions that THF and 1,4-dioxane concentrations were varied against the fixed concentration of 1,4-dioxane and THF (100 mg/L), respectively (Fig. 4) . When the 1,4-dioxane concentration was fixed to 100 mg/L, 1,4-dioxane was rapidly degraded at THF concentrations of 50 -200 mg/L (Fig. 4A ) and 25 -100 mg/L (Fig. 4B) in strains T1 and T5, respectively. When THF concentrations increased within the above range, 1,4-dioxane degradation ratio increased. For strain T1, complete 1,4-dioxane degradation was observed with 200 mg/L of THF. For strain T5, the highest 1,4-dioxane degradation was observed with 100 mg/L of THF although the degradation ratio remained in 69.6%. The higher concentration of THF (higher than 200 mg/L and 100 mg/L for strains T1 and T5, respectively) diminished the ability of both strains to degrade 1,4-dioxane due to the competitive inhibition and toxicity of THF itself as mentioned above. When the THF concentration was fixed to 100 mg/L, rapid 1,4-dioxane degradation was observed at 1,4-dioxane concentrations of 25 -50 mg/L in both strains ( Fig. 4C and 4D) , and strain T1 showed 94.8% degradation up to 100 mg/L of 1,4-dioxane. It is obvious that higher than 100 mg/L and 50 mg/L of 1,4-dioxane have inhibitive effect on 1,4-dioxane co-metabolic degradation by strains T1 and T5, respectively. Based on those results, the optimum THF/1,4-dioxane ratio was determined to be 2 to 4 for both strains T1 and T5. The acceptable THF and 1,4-dioxane concentrations to maximize the co-metabolic 1,4-dioxane degradation with minimum competitive inhibition were 200 mg/L and 100 mg/L, respectively, for strain T1, and 100 mg/L and 50 mg/L, respectively, for strain T5.
CONCLUSIONS
Among five THF-degrading bacteria isolated from landfill soil and activated sludge samples, two strains (T1 and T5), which showed superior THF degradation ability and identified as R. ruber, were examined especially on their THF and co-metabolic 1,4-dioxane degradation properties. Strains T1 and T5 could completely degrade up to 400 mg/L and 300 mg/L of THF, respectively, although they could not completely mineralize it. Complete co-metabolic 1,4-dioxane degradation was confirmed when the added THF concentration was 100 -200 mg/L with 1,4-dioxane concentration within 25 -100 mg/L for strain T1. In the same way, strain T5 showed complete co-metabolic 1,4-dioxane degradation when the added THF concentration was 100 mg/L with 1,4-dioxane concentration within 25 -50 mg/L. The optimum THF/1,4-dioxane ratio was determined to be 2 to 4 for both strains, T1 and T5, to maximize the co-metabolic 1,4-dioxane degradation with minimum competitive inhibition. It can be concluded that strains T1 and T5 would be applicable to treat 1,4-dioxane-containing wastewater, and that the results obtained in this study would be greatly helpful for the development and control of 1,4-dioxane-containing wastewater treatment system using THF-degrading bacteria. However, the accumulation of intermediates including 2-HEAA during 1,4-dioxane degradation is a critical issue to be solved in future studies.
